Absence of rejuvenation in a Superspin Glass by Jönsson, P. E. et al.
ar
X
iv
:c
on
d-
m
at
/0
40
52
76
v1
  [
co
nd
-m
at.
dis
-n
n]
  1
3 M
ay
 20
04
Absence of rejuvenation in a Superspin Glass
P. E. Jo¨nsson,1 H. Yoshino,2 H. Mamiya,3 and H. Takayama1
1ISSP, University of Tokyo, Kashiwa-no-ha 5-1-5, Kashiwa, Chiba 277-8581, Japan
2Department of Earth and Space Science, Faculty of Science,
Osaka University, Toyonaka, 560-0043 Osaka, Japan
3National Institute for Materials Science, Sengen 1-2-1, Tsukuba, Ibaraki 305-0047, Japan
(Dated: November 6, 2018)
Effects of temperature changes on the nonequilibrium spin-glass dynamics of a strongly interacting
ferromagnetic nanoparticle system (superspin glass) are studied. In contrary to atomic spin glasses,
strong cooling rate effects are observed, and no evidence for temperature-chaos is found. The flip
time of a magnetic moment is much longer than that of an atomic spin and hence much shorter time
scales are probed within the experimental time window for a superspin glass than for an atomic
spin glass. Within a real space picture the cumulative aging observed for the superspin glass can
be explained considering that all investigated length scales are shorter than the temperature-chaos
overlap length. The transient relaxation, observed in experiments after temperature changes, can be
understood as the adjustment of thermally active droplets, which is mutatis mutandis the Kovacs
effect observed in most glassy systems.
PACS numbers: 75.10.Nr,75.40.Gb,75.50.Tt,75.50.Lk
I. INTRODUCTION
Spin glasses have been an active field of research since
the 70th’s, yet many questions about the nonequilibrium
dynamics in the spin-glass phase are still unsolved. Mag-
netic aging in spin glasses was first observed in 1983
by Lundgren et al.1 Physical aging was already familiar
in the field of structural glasses2 and later many differ-
ent types of materials have been shown to exhibit ag-
ing in various physical quantities, e.g. strongly interact-
ing nanoparticles3, granular superconductors4, oriental
glasses5, and gels.6 More intriguing is the sensitivity to
temperature changes that has been observed experimen-
tally for spin glasses; after a sufficiently large tempera-
ture change the system appears unaffected by previous
aging, i.e, it is rejuvenated.7,8
In contrast to experiments, rejuvenation effects can
hardly be detected in numerical MC simulations on the
Edwards-Anderson Ising model.9 The different sensitiv-
ity to T -perturbations for numerical simulations and ex-
periments can be attributed to the different time scales
(in unit of the microscopic flip time τm) investigated
in the two cases (τ/τm ∈ [1, 10
6] for numerical simula-
tions while τ/τm ∈ [10
12, 1018] for experiments on atomic
spin glasses). Superspin glasses (strongly interacting
nanoparticle systems) are therefore interesting to inves-
tigate since the experimental time window corresponds
to shorter time scales than for atomic spin glasses, due
to the longer microscopic flip time of a superspin (mag-
netic moment) compared to that of an atomic spin. In
several works strongly interacting nanoparticle systems,
such as frozen ferrofluids, have indeed been shown to
exhibit spin-glass dynamics.3,10,11 In those systems the
dominant interparticle interaction is the dipolar interac-
tion. Disorder and frustration appears due to the ran-
domness in the placement of the particles and in the di-
rections of the anisotropy axes.
In this article we will investigate the effects of tempera-
ture changes of the nonequilibrium dynamics of a sample
consisting of a solidified ferrofluid, in which nanoparti-
cles of Fe3N are randomly distributed. The results will
be compared with atomic spin glasses and other glassy
systems. Spin glass properties of this sample has earlier
been investigated in Refs. 10,12,13,14.
II. BACKGROUND
We will briefly discuss the effects of temperature
changes on the nonequilibrium dynamics of a spin glass
based on a real-space picture.15 For simplicity, the dis-
cussion is made for an atomic Ising spin glass with near-
est neighbor interactions, but it is also valid for systems
with long-range interactions such as the dipolar interac-
tion. To a first approximation superspins with uniaxial
anisotropy can be described as Ising spins. The nonequi-
librium dynamics, at temperature T below the spin-glass
transition temperature Tg, is governed by the slow growth
of thermally activated droplets of linear size LT (t). Due
to randomness and frustration a temperature change will
affect the nonequilibrium dynamics in the following two
respects: the population of the thermally active droplets
on short length scales is strongly temperature depen-
dent, and temperature-chaos causes strong rejuvenation
effects on the length scales larger than the so called over-
lap length L∆T . The latter is defined so that equilib-
rium spin configurations at temperatures T and T +∆T
are completely uncorrelated on length scales larger than
L∆T . The dominating effect depends on the investigated
length scales with respect to L∆T corresponding to the
temperature change.
Here we want to emphasize the difference between reju-
venation effects originating from the temperature-chaos
nature of spin-glass states and other effects that are not
2related to it. It will be argued that effects not related to
T -chaos are transient effects since they vanish within a
finite time, but may give rise to “apparent rejuvenation”
within a finite time window. Such apparent rejuvenation,
involving length scales less than L∆T , was called “fixed
energy-landscape rejuvenation” in Refs. 16,17. Let us
consider a negative temperature-shift T +∆T → T with
∆T > 0. By the 1st aging for a time tw after a tem-
perature quench down to T + ∆T , the system is equi-
librated up to a certain length scale LT+∆T (tw). After
the temperature-shift (T -shift) the aging continues at the
new temperature T as if the system had been aged at this
temperature for a certain effective time teff . If this teff is
equal to tcumeff , defined by
LT (t
cum
eff ) = LT+∆T (tw), (1)
the process is called cumulative aging; spin-glass domains
of mean size LT+∆T (tw) grown up in the 1st aging at
T + ∆T remain at the new temperature T . For large
∆T , however, it may occur that LT (teff) is smaller than
LT+∆T (tw). This implies the existence of another length
scale which is less than LT+∆T (tw), and above which the
locally equilibrated configuration with respect to T +∆T
is irrelevant to the aging dynamics at T . That length
scale is the overlap length L∆T . Therefore a crucial check
of the rejuvenation due to temperature-chaos is to ob-
serve whether Eq. (1) is violated or not.
In Sec. III we show that temperature-chaos is not rel-
evant in the present sample for the temperature changes
we can investigate within the experimental time window.
Therefore, in the following, we will focus on transient ef-
fects not related to T -chaos. To this end, we focus on the
temperature dependence of the population of thermally
active droplets in cumulative aging, assuming that the
investigated length scales are much shorter than L∆T .
In spin glasses the surface free-energy FL(> 0) of a
droplet of size L strongly fluctuates between different
droplets at different places in the system. The typical
surface free-energy scales as Υ(T )(L/L0)
θ with the stiff-
ness exponent θ > 0 and Υ(T ) being the stiffness con-
stant which is constant at low temperature (T ≪ Tg)
but vanishes as T → T−g . There are marginal droplets
with FL smaller than the thermal energy kBT with non-
zero probability, and thus the probability pL(T ) that a
given Ising spin belongs to a thermally activated droplet
of linear size L at temperature T is given as,18,19
pSGL (T ) ∼ ρ˜(0)
kBT
Υ(T )(L/L0)θ
. (2)
The first important point is that the probability exhibits
a linear temperature dependence. Hence the amount of
droplets which must be deactivated (turned off) after
negative T -shift T + ∆T → T or activated (turned on)
after positive T -shift is proportional to the magnitude of
the temperature difference ∆T . The second important
point is that the probability only decays algebraically
with increasing length L/L0. One should also recall that
the stiffness exponent is known to be very small θ ≈ 0.2
in 3-dimensional Ising spin-glass.20,21,22 We can compare
to the case of a multi-domain ferromagnet for which the
probability that a given Ising spin belongs to a thermally
active droplets of linear size L at temperature T is given
as,
pFML (T ) ∼ exp
(
−
Υ(T )(L/L0)
d−1
kBT
)
, (3)
where d is the spacial dimension. In this case, the exis-
tence of thermally active droplets becomes exponentially
small at macroscopic scales L/L0 ≫ 1. Any change of
the population of such rare droplets will hardly be seen
in practice.
Now let us consider the negative T -shift T +∆T → T
above introduced, for which teff ≃ t
cum
eff holds. The char-
acteristics of the spin configuration just after the tem-
perature change is essentially the same as that would be
obtained after an aging performed directly at T for a
period teff . However it is important to notice that cer-
tain amount of thermally active droplets are excessively
active with respect to the equilibrium state at the new
temperature T . The deactivation of a droplet at the new
temperature T has a probability
pSGL (T +∆T )− p
SG
L (T ) ∼ ρ˜(0)
kB∆T
Υ(T )(L/L0)θ
. (4)
This deactivation is a dynamical process which takes a
certain macroscopic time. At time t after the T -shift,
droplets are correctly thermalized with respect to the new
temperature T only up to LT (t) and excessively active
droplets are still present on larger length scales. Such
large scale droplets will act as a frozen-in domain walls
on the shorter time scales of smaller droplets.
Here let us recall the arguments by Fisher-Huse on the
relaxation of the ac susceptibility. The ac susceptibility
of a certain angular frequency ω probes effective stiff-
ness of a droplet of size Lω = LT (1/ω). In the presence
of a large-scale frozen-in domain wall of size L, a small
droplet of size Lω will happen to stay in the vicinity of the
domain wall with a certain probability. The free-energy
cost needed to activate a small droplet which touches
the domain wall will be smaller than those in the bulk.
Thus the ac susceptibility will have a certain excessive
contributions δχ(Lω, L) which vanishes only in the limit
L/Lω →∞.
Now combining the above ingredients we can calculate
the ac susceptibility χω(t;T ) at time t after the negative
T -shift as,
χω(t;T ) = χ
ref
ω (t+ teff ;T ) (5)
+
∫ LT (ttrans)
LT (t)
dL
L
ρ˜(0)
kB∆T
Υ(T )(L/L0)θ
δχ(Lω, L).
Here χrefω (ω)(t;T ) is the reference curve which can be
obtained by a direct quench to T and ttrans ≈ teff is the
3time required to turn off excessively active droplets. The
2nd term in r.h.s is the transient part of the susceptibil-
ity due to frozen-in excessively active droplets at length
scales larger than LT (t), which vanishes after the time
ttrans. If one only measure the ac susceptibility after the
T -shift on time scales shorter than teff , the isothermal
and the transient contribution to the susceptibility can
not be separated and the susceptibility appears rejuve-
nated according to the “fixed energy-landscape rejuve-
nation” picture.
In the case of positive temperature-cycling T → T +
∆T → T (which is discussed in Sec. III) the transient
susceptibility after the T -cycling will also be described
by Eq. (5).
III. INVESTIGATION OF THE SENSITIVITY
TO TEMPERATURE CHANGES
In order to make a quantitative analysis of the effect
of T -changes on the aging, it is desirable to make ex-
periments with fast temperature changes. Instantaneous
temperature changes can unfortunately never be per-
formed experimentally. The maximum cooling/heating
rate of the MPMS-XL magnetometer used for our exper-
iments was 10 K/min while the time needed in order to
stabilize the temperature was ∼ 100 s. In the following,
a “temperature quench” will refer to a cooling using this
maximum cooling rate. The maximum cooling/heating
rate is used in all experiments unless otherwise specified.
The Fe3N nanoparticle system exhibits spin-glass dy-
namics below Tg ∼ 60 K.
13 In all experiments T = 120 K
is chosen as the reference temperature at which the sam-
ple exhibits no slow dynamics.
A. Cumulative aging
In a T -shift experiment, the sample is quenched from
a high temperature to a low temperature Ti at which
the sample is aged for a time tw before the temperature
is changed to Tm and the magnetization (ZFC or ac)
is recorded at the new temperature. In order to quan-
tify the effect of the aging at Ti at the new tempera-
ture Tm an effective waiting time teff can be determined
from the measurements. Since the ac-susceptibility re-
laxes monotonously under isothermal aging, the level of
the ac susceptibility reflects directly the age of the sys-
tem. The effective age teff of the system at Tm can be de-
termined by shifting the ac curve so that it falls onto the
isothermal aging curve at large time scales (see Fig. 1).23
It is possible to check whether the aging is cumulative
or not without knowledge of the domain growth law by
making twin-T -shifts,26 determining teff from both pos-
itive and negative T -shifts between two temperatures.
The aging at a pair of temperatures (T1,T2) is cumulative
if LT1(t1) = LT2(t2), where t1 = tw if T1 = Ti (respec-
tively teff if T1 = Tm) and t2 = teff (tw), while the aging
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FIG. 1: (Color online) ac susceptibility vs time. The sample
is aged at Ti = 42 K for a time tw before the temperature
is shifted to Tm = 40 K. The solid line show the isothermal
reference curve at 40 K. The effective age teff after the T -shift
can be determined by shifting the ac-susceptibility at Tm by
an amount of time teff in order to make it fall on top of the
reference curve at times larger than ttrans ≈ teff . The inset
show the ac susceptibility vs temperature. ω/2pi = 510 mHz
and h = 1 Oe.
is noncumulative (rejuvenated) if LTm(teff) < LTi(tw).
If the aging is cumulative, in a plot of t1 vs t2 the two
sets of data (corresponding to positive and negative T -
shifts) fall on the same curve t2 = f(t1, T1;T2), where
f(t, T ;T2) = L
−1
T2
[LT (t)]. We see in Fig. 2 that data
for positive T -shifts and negative T -shifts fall onto the
same curve within the errors of the estimation of teff for
∆T ≤ 4 K. Larger temperature shifts cannot be inves-
tigated within the experimental time window due to the
large separation in time with temperature.
Since we now know that the aging is cumulative in the
investigated temperature range, we can use the (t1,t2)
data to analyze which functional form of the domain
growth law LT (t) is consistent with the data. It can be
seen in Fig. 2 that the experimental data is well described
by
t2 = τ0(t1/τ0)
(T1/T2) , (6)
with τ0 ≈ 4 · 10
−10 s. This time-temperature re-
lation is consistent with any thermally activated pro-
cess t/τm = exp(BL/kBT ), where BL is the free-
energy barrier originating form the dipolar interaction
between the superspins. By setting the free-energy bar-
rier BL = kBTgln(L/L0)/b an algebraic growth law,
LT (t) ∼ L0(t/τm)
bT/Tg , is obtained, as has commonly
been observed in numerical simulations.22,24,25 However,
BL = kBTg(L/L0)
ψ yields a logarithmic growth law15 of
the form LT (t) ∼ L0[(T/Tg)ln(t/τm)]
1/ψ. Here τm is the
microscopic flip time of an individual magnetic moment
(superspin) and is approximately given by an Arrhenius
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FIG. 2: (Color online) t1 (teff or tw) at T1 = 40 K −∆T
vs t2 (teff or tw) at T2 = 40 K. If the aging is cumulative,
the two sets of data from positive T -shifts (T1 → T2) and
from negative T -shifts (T2 → T1) will fall on the same curve
corresponding to the domain growth law. The dashed lines
indicate a separation of times with temperature according to
Eq. (6) with τ0 = 4 · 10
−10 s.
law
τm = τ0 exp(KV/kBT ) , (7)
where KV is the uniaxial anisotropy barrier energy for a
particle of volume V . It is assumed that the anisotropy
constant K only weakly depends on temperature, so that
K(T1) ≈ K(T2) and hence the value of the energy barrier
(KV ) cancels out. It should be noted that τ0 in Eq. (6)
corresponds to the prefactor in the Arrhenius law which
is almost constant with temperature. We also note that
Eq. (6) implies that the temperature dependence of Υ(T )
in Eq. (2) is of minor importance at the investigated tem-
peratures (not too close to Tg).
For this superspin glass, the separation of time scales
with temperature [Eq. (6)] is almost the same as for an
atomic (τ0 = τm ∼ 10
−12 s) Ising spin glass at tem-
perature well below Tg.
27 This does however not mean
that the time and length scales are of the same order
since, for the superspin glass, the microscopic unit time
is given by τm [Eq. (7)] which is much longer than than
the prefactor τ0. It is not possible to directly probe
length scales in nonequilibrium magnetization measure-
ments, but, a strong indication that the time (and length)
scales are shorter than in atomic spin glasses are given
from critical slowing down analysis of the critical dy-
namics above the spin-glass transition. The longest re-
laxation time due to correlated dynamics is given by
τc/τm ∼ ξ
z ∼ (T/Tg − 1)
−zν where ξ is the critical cor-
relation length and z and ν are critical exponents. For
superspin glasses τm is generally found to be much longer
than the atomic spin flip time, while the value of zν is
found to be similar to those of Ising spin glasses.11 In
the present system τm ∼ 10
−5 − 10−4 s was found for
temperatures T/Tg ∼ 1.3− 1.7.
13
Since the aging is cumulative in the case of T -shift
experiments one would also expect it to be cumulative
in the case of T -cycling experiments. That is indeed the
case, as shown in Fig. 3, in which negative and positive
temperature cyclings Tm(tw1) → Tm + ∆T (tw2) → Tm
with values of |∆T | ≤ 4 K are shown. The raw data are
shown in inset and we can see that the ac susceptibility
relaxes in all 3 stages of the T -cycling process. In the
main frame the ac data at Tm is plotted; the timescale of
χ′′ in the last stage (back to Tm after the T -cycling) is
changed by an amount of teff in order to make χ
′′ fall on
top of the reference isothermal aging curve at long time
scales. The values of teff are consistent with activated
dynamics according to Eq. (6) (with τ0 = 4 · 10
−10 s, as
determined from Fig. 2).
B. Transient relaxation
In Fig. 3 it can be seen that at short time scales a part
of the shifted χ′′ curve does not fit to the isothermal ag-
ing curve. We call this part transient relaxation since
we know that the aging is cumulative. The same tran-
sient relaxation is observed both after T -cycling and shift
experiments. We note that a large transient relaxation
makes it difficult to accurately determine teff . According
to Sec. II the transient part of the relaxation ∆χ′′ ∝ ∆T .
In addition ∆χ′′ should vanish after the time ttrans which
is equal to the effective time teff . We have extracted the
transient part of the ac-susceptibility ∆χ′′, for the posi-
tive T -cycling experiments shown in Fig. 3(b), and plot-
ted ∆χ′′/∆T vs t/teff in Fig. 4. All measurements with
different ∆T fall on the same master curve which reaches
zero at t/teff ∼ 1. Hence the predictions about the tran-
sient relaxation from Sec. II are confirmed; the amplitude
of ∆χ′′ is proportional to ∆T and the timescale of the
transient relaxation ttrans ≃ teff . The measurement with
the smallest ∆T is the most noisy in the scaling plot since
it has the smallest transient part. We also verified that
this scaling of the transient relaxation is valid if tw1 is
varied for a fixed ∆T , and that the same transient re-
laxation is observed after T -shift experiments. After the
negative T -cyclings shown in Fig. 3 (as well as after pos-
itive T -shifts not shown) the amplitudes of the transient
relaxation ∆χ′′ are too small to be meaningful to make
the same scaling analysis. In Fig. 4 of Ref. 10 transient
effects are studied in negative T -shift experiments with
∆T = 2 K varying tw. χ
′′ is plotted on a logarithmic
time scale and experiments with very long aging times
are performed. It can clearly be seen that ∆χ′′ of the
transient relaxation and also ttrans becomes larger with
increasing tw. Also those data are consistent with the
scaling proposed in Sec. II.
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FIG. 3: (Color online) ac susceptibility vs time after (a) negative and (b) positive T -cyclings. The raw data is shown in the inset.
In the main frame the relaxation data at Tm after the T -cycling are shown shifted a quantity teff in time. ω/2pi = 510 mHz.
C. Cooling-rate effects
In the cumulative aging scenario, strong cooling-rate
effects are expected; the entire thermal history is im-
portant (within the spin-glass phase). It can be seen
in Fig. 5 that the ac relaxation indeed depends on the
cooling rate. The system exhibits less relaxation and χ′′
reaches lower values after a slow cooling, which is con-
sistent with the cumulative aging scenario—the relax-
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FIG. 4: (Color online) Scaling of the transient part of the ac
susceptibility after the positive T -cycling shown in Fig. 3(b).
teff is the effective time at Tm = 40 K, corresponding to the
aging at Tm + ∆T . ∆χ
′′ vanishes at t/teff ∼ 1 confirming
that the timescale for transient relaxation ttrans ≈ teff .
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FIG. 5: (Color online) ac susceptibility vs time measured after
cooling to 40 K with different cooling rates. The inset show
the ac relaxation after cooling with 10 K/min (upper curve)
and 1 K/min (lower curve). The middle curve is measured
after cooling to 50 K with a cooling rate of 1 K/min and from
50 to 40 K with 10 K/min. ω/2pi = 510 mHz.
ation starts from a larger effective domain size after the
slower cooling than after the faster cooling process. From
these experiments it appears as if the equilibrium value of
χ′′(t→∞) changes with the cooling rate. However, if the
aging is cumulative the slower relaxation and lower value
of the ac susceptibility could also be explained with an
effective time being well out-side the experimental time
window. The ac relaxation measured after slow cooling
(1 K/min) down to 50 K and fast cooling (10 K/min) to
Tm = 40 K is shown in the inset. This curve is different
both from the measurements with slow and fast cooling.
6It hence appears that the thermal history in the entire
spin-glass phase is of importance. These results are very
different from those reported on atomic spin glasses, in
which the aging at temperatures close to Tm dominates
the nonequilibrium magnetic response.28,29 For orienta-
tional glasses, on the other hand, the aging around the
freezing temperature will contribute most strongly to the
susceptibility at Tm.
30 The strong cooling rate effects, in
the case of orientational glasses, have been taken as evi-
dence for “strong ergodicity breaking”.30,31
D. Large temperature changes
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FIG. 6: (Color online) χ′′ for times 100 to 104 s (up to down)
at Tm = 30 K. During the cooling process a temporary stop is
made at Tm+∆T for 1000 s. The measurement with ∆T = 0
corresponds to a direct quench to Tm. The lines between
χ′′(t = 100 s) and χ′′(t = 104 s) for different ∆T ’s are only a
guide for the eye.
Since the twin-T -shifts experiment is limited in small
∆T due to the large separation in time with tempera-
ture, we look for possible rejuvenation effects by other
temperature-change protocols involving larger ∆T . In
Fig. 6 large negative T -shift experiments are shown for
various values of ∆T in order to test at which temper-
ature during the cooling process that the aging is the
most efficient. It can be seen that if the intermittent
stop of the cooling is made close to the target tempera-
ture χ′′ reaches lower values with increasing ∆T . This is
interpreted by the cumulative aging scenario, similarly to
the cooling-rate effect discussed above. However, for yet
larger values of ∆T (& 8 K), the relaxation increases and
χ′′ again becomes larger. This nonmonotonic behavior of
χ′′(t) indicates that the aging effect might not be com-
pletely cumulative in the entire spin-glass phase. On the
other hand, assuming that the aging is cumulative, for
the measurement with ∆T = 20 K, ttrans is of the order of
1011 s. It is hence impossible to say if the curve that “ap-
pears to be rejuvenated” reveals in fact the rejuvenation
due to temperature-chaos or the “fixed energy-landscape
rejuvenation” discussed in Sec. II. In the latter picture,
the large droplets created at the higher temperature are
completely frozen in at the lower temperature on the ex-
perimental time window. They would be deactivated only
at much longer timescales (ttrans ≈ teff).
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FIG. 7: (Color online) ∆χ′′ vs temperature measured on
cooling (circles connected by dashed lines) and reheating
(pluses connected by solid lines). A temporary stop is made
on cooling at Ts = 50, 40, 32, or 30 K for ts = 9000 s.
ω/2pi = 510 mHz.
The effect of large temperature changes can also be
investigated by so-called memory experiments;28 the ac
susceptibility is measured on cooling with a temporary
stop at a temperature Ts. After aging the sample for
a time ts, the cooling is resumed. The ac susceptibility
is subsequently measured also on reheating. Such mea-
surements with ts = 9000 s and Ts = 50, 40, 32, and
30 K are shown in Fig. 7. After the aging at Ts the
ac susceptibility slowly merges with the reference curve.
In a similar way, χ′′ comes closer to the isothermal ref-
erence curve in the T -shift experiments shown in Fig. 6.
The wide (asymmetric) memory dips can be explained by
freezing of large domains (grown during the aging at Ts)
on cooling and unfreezing of these domains on reheating,
without involving the concept of T -chaos.
IV. DISCUSSION
The glassy dynamics of this superspin glass, with ran-
dom uniaxial anisotropy and dipolar interaction, is very
similar to that observed in numerical simulations on the
3d Ising EA model;9,19 the aging is cumulative up to rel-
atively large values of ∆T/Tg. Even for the largest pos-
sible temperature differences in the twin-T -shift analysis
rejuvenation due to T -chaos cannot be observed. In a T -
shift process with cumulative aging, the domains grown
at the first temperature T + ∆T are still relevant af-
ter the T -shift. At the new temperature T , the system
appears to have been aged for an effective time teff , ful-
filling LT (teff) = LT+∆T (tw). However, a characteristic
7TABLE I: Comparison of the effects of temperature changes in the superspin glass and atomic spin glasses. Cooling rate effects
are always observed in the region of cumulative aging. The absence of cooling rate effects observed for the atomic Heisenberg
spin glasses therefore refer to the cooling rate not too close to the target temperature. In ac-memory experiments, the duration
of the halt, as well as the cooling/heating rate employed affect the results. The width of the memory dip is therefore only a
qualitative measure of the rejuvenation effect.
superspin glass atomic Ising SG atomic Heisenberg SG
Fe3N superspin glass Fe0.5Mn0.5TiO3
8,26,27 Ag(11 at% Mn)8,26 CdCr1.7In0.3S4
27,32
Tg ∼ 60 K 21.3 K 32.8 K 16.7 K
twin-T -shift around Tm 36–40 K 17.5–19 K 29.5–30 K not investigated
cumulative aging |∆T | <∼ 4.0 K |∆T | <∼ 0.5 K |∆T | <∼ 0.05 K
noncumulative aging
(rejuvenation) not observed |∆T | >∼ 1.5 K |∆T | >∼ 0.2 K
cooling-rate
dependence yes not investigated no no
width of
dip in ∆χ′′ ∼ 10 K ∼ 3 K ∼ 2 K ∼ 2 K
transient relaxation is observed after the T -shift and dis-
appears after a finite time ttrans ≈ teff . The aging dy-
namics in the transient range (t < ttrans) can be under-
stood as the turning on/off of thermally active droplets.
It can also be interpreted mutatis mutandis as the Ko-
vacs effect (in a two-time variable) that has earlier been
observed in structural glasses33,34 and numerical simula-
tions on spin glasses.17,19 As increasing ∆T in a negative
T -shift, the temperature teff becomes very long due to the
separation of time scales with temperature. If teff falls
outside the observation time window, the transient relax-
ation can be interpreted as “rejuvenation in fixed-energy
landscape”.16,17 This effect is intrinsically different from
rejuvenation due to temperature chaos in the respect that
after a finite time (ttrans) the cumulative nature of the ag-
ing is revealed. However within a limited time window
it is difficult to distinguish the transient effect from the
rejuvenation (chaos) effect.
Let us now compare the effects of temperature changes
observed by the experiments studied on the present sam-
ple with those of atomic spin glasses (c.f. Table. I). In
the atomic Heisenberg spin glass Ag(11 at% Mn) the
aging judged from twin-T -shift experiments is cumula-
tive only for quite small ∆T . Interestingly, the range
of ∆T where the cumulative aging is ascertained in the
atomic Ising spin glass Fe0.5Mn0.5TiO3 is larger than that
of Ag(11 at% Mn) by an order of magnitude, but it is
still smaller than that of the presently studied superspin
glass by another order of magnitude. Correspondingly,
∆T ’s for which noncumulative memory (rejuvenation) is
clearly recognized behave similarly, though for the su-
perspin glass no evidence for noncumulative aging were
found (within our experimental time window). In a mem-
ory experiment with an intermittent stop on cooling, the
width of the dip in ∆χ′′ gives only a quantitative mea-
sure of the rejuvenation effect, but it can be noticed that
it is relatively larger for the superspin glass than for the
atomic spin glasses. Large memory dips have also been
observed in earlier investigations on different superspin
glass systems.35,36 We can thus read from Table I that
Heisenberg spin glasses are very sensitive to temperature
changes as already pointed out,8,26,27 and that the effects
of temperature changes in the superspin glass are quali-
tatively rather similar, although weaker, to those of the
atomic Ising spin glass Fe0.5Mn0.5TiO3.
In the droplet picture, rejuvenation effects will ap-
pear on length scales larger than the overlap length
L∆T . While the noncumulative aging and the strong
rejuvenation effects observed in atomic spin glasses can
be attributed to the influence of temperature-chaos on
the investigated length scales, the cumulative aging, the
cooling-rate dependence, and even the dip in ∆χ′′ in
the memory experiment of the present system can be
explained by the much shorter length scales probed be-
ing much smaller than L∆T . The reason for the different
length scales probed in Ising atomic and superspin glasses
within the same experimental time window is attributed
to the difference in microscopic timescale (τm ∼ 10
−12 s
for atomic spins while τm > 10
−5 s for the here investi-
gated superspins). In addition the nanoparticle sample is
Ising-like due to uniaxial anisotropy and rejuvenation ef-
fects related to temperature-chaos have been shown to be
weaker in Ising systems than in Heisenberg systems.8,37
V. CONCLUSION
We have studied the effect of temperature changes
on the nonequilibrium dynamics of a superspin glass (a
strongly interacting nanoparticle system). The sample
exhibits cooling-rate effects and the aging after a T -shift
can be described as the sum of a cumulative part and a
transient part. The transient relaxation can within a real
space model (the droplet model) be understood as the
change of thermally active droplets associated with the
T -shift. This transient relaxation resembles the Kovacs
effect observed in various glassy systems. Strong rejuve-
nation effects, as those observed in atomic spin glasses,
have not been observed in this superspin glass. According
to the droplet model, this indicates that all length scales
8investigated in the experimental time scale are shorter
than the so-called overlap length. This is attributed to
the fact that, the microscopic flip-time of the magnetic
moments (superspins) are much longer than that of an
atomic spin and the length scales investigated within the
experimental time window are thus much shorter.
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